A detailed restriction map was determined for a 10.9 KB region that contains the initiation site for 45S pre-rRNA and the first 1.7 KB of the 18S rRNA coding region. When the restriction pattern of the cloned rDNA was compared with that of total rat DNA, the rDNA regions of both Sprague-Dawley and BD-9 rats were identical to each other and to that of the cloned rDNA. However, both strains exhibit a major polymorphism consisting of an insertion of 0.9 KB of DNA in the nontranscribed spacer between 0.29 KB and 1.8 KB upstream from the 45S RNA initiation site. This region consists of tandem repeats approximately 130 base pairs in length. These repeats contain large poly T tracts and are similar in sequence to analogous elements 5' to the origin of mouse rRNA transcription. Regions containing highly repetitious DNA sequences were located at sites 2.8 KB and 4.3 KB upstream from the initiation site. The repetitive sequence at 2.8 KB from the initiation site anneal to a known Alu-equivalent type 2 sequence derived from the second intron of the rat growth hormone gene.
INTRODUCTION
There are about 160-200 copies of rat ribosomal DNA genes (rDNA) per haploid genome (1) . They are arranged in tandem clusters (2) which can be identified cytologically by their ability to organize a nucleolus in interphase nuclei and by their localization to sites of secondary constriction in raetaphase chromosomes. Three chromosomes (3,11 and 12) each carry about 60 gene copies (3) . By visualizing R-loops consisting of 18S and 28S rRNA annealed to long fragments of genoraic DNA, Stumph, Wu and Bonner (2) estimated the rDNA repeat unit to be 37.2 +1.3 KB in sire. All the repeat units were approximately the same size, but a certain degree of length heterogeneity, possibly up to 4 to 5 KB, could not be ruled out by their data.
As in other eukaryotes, each rat rDNA repeat is composed of: 1) a nontranscribed spacer, which in mammals comprises two-thirds the length of the total repeat; 2) an external transcribed spacer, about 4.4 KB in mammals, which extends from the start site of pre-rRNA synthesis to the beginning of the 18S rRNA gene; 3) one coding region for each mature rRNA (18S, 5.8S and 28S); and 4) Internal transcribed spacers separating each of the mature rRNAs. In higher eukaryotes, 5S rRNA is encoded by another region of the genome.
In order to examine the genomic organization of the rDNA repeat units, we selected a XCharon 4A recombinant phage which contained transcribed rDNA sequences, determined a detailed restriction enzyme map for a 10.9 KB fragment that contains the 45S RKA transcriptional Initiation site, and compared the restriction pattern of the cloned sequence to that of total rat DNA by Southern blot analysis. In overall structure, the rat rDNA repeat is very similar to that reported for other mammals (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , having a conserved transcribed region as well as polymorphic and highly repetitious sequences in the non-transcribed spacer.
MATERIALS AND METHODS

Materials
All restriction enzymes were purchased from Bethesda Research Laboratories and used according to the vendor's recommendations, except that two to four fold mere enzyme was used for digestion of total rat DNA.
Bacterial alkaline phosphatase and nuclease SI were purchased from P-L Biochemical or Bethesda Research Laboratories. Micrococcal nuclease was purchased from Sigma, and DNA polymerase was supplied by Boehringer-Mannheim.
Phage and plasmld stocks
The rat genomic DNA library in XCharon 4A was a gift of Drs. R.B.
Wallace, T. Sargent and J. Bonner. It was constructed from a partial Eco RI digest of liver DNA from a single male Sprague-Dawley rat. XB3 was a recombinant selected from that library by Mr. James Beeson and Dr. Noboru Sueoka and contains transcribed highly repetitious DNA sequences. X63, a gift of Dr.
Warren Jelinek, contains a Chinese hamster ovary DNA insert homologous to the rodent Alu-equivalent type 1 sequence (16, 17) . A pBR322 plasmid containing a rat Alu-equivalent type 2 sequence from the second Intron of the rat growth hormone (18) was a kind gift of Dr. Barbara Cordell.
A DNA was prepared as described by Kao^jil^ (20) .
Single-stranded M13 DNA was purified from phage lysates as described by Harrington and Chikaraishl (21) .
Cellular DNA was prepared from the liver of one adult male Sprague-Dawley rat and one adult male BD-9 rat by phenol extraction of isolated nuclei.
Cloning and Selection of Recombinants
XCharon 4A recorablnants containing rDNA inserts were selected by plaque hybridisation (22) with 32 P labeled 18S and 28S rRNAs and subcloned as described (21) and as shown in Figure 1 . -labeled, single-strand M13 DNA probes by phosphorylation at the 5'-hydroxyl group generated by ralcrococcal nuclease. Purified single-strand M13 DNA (0.1 mg/ml) was digested for 3 minutes on ice with micrococcal nuclease at a final concentration of 6 pg/ml in 5 mM sodium acetate pH 5.0, 1 mM CaClj.
Stock solutions of mlcrococcal nuclease at 1 mg/ml in 1^0 should be stored frozen, thawed, and refrozen only three or four times, because the activity of the enzyme decreases with repeated freeze-thaw cycles. Since the optimal pH for nuclease activity is between pH 9.2 and 9.6, the low pH of the incubation limits the enzyme activity such that DNA fragments between 50 and 100 nucleotides in length are generated. The nuclease was stopped by addition of EGTA (ethylene glycol-bis-( B-arainoethyl ether)N, N'-tetraacetic acid) to 8 mM to chelate Ca and the reaction was boiled for 5 minutes. Any insoluble, denatured enzyme was removed by centrifugation in a microfuge for 5 minutes at 4°C. Generally, 20 ul of the supernatant containing the DNA fragments (2 ug) were then added to a microfuge tube containing 1 mCi of lyophllized [ y-32 PlATP (9000 Ci/mmole). Buffer was adjusted to 50 mM Tris-HCl, pH 7.5, 18 mM B) Restriction map of the transcribed region of rat rDNA. The location of restriction sites was determined by standard napping techniques on the cloned rDNA and on total genomic DMA as described 1n Materials and Methods. The position of EcoRI fragments (10.9 KB, 6.7 KB and 4.6 KB) 1s shown above the map and the location of sequences contained In recorabinant piasmids pEE10.9, pEE6.7, pEH5.0 and pHE5.9 1s shown below the map. The stippled bar represents the transcribed region, with the arrow Indicating the direction of transcription. The position of the 45S and 18S RNAs were determined by transcription mapping as described 1n the text; the location of 5.8S and 28S RNAs should only be considered approximate and are based on the R-loop1ng data of EMckson et al. (13) and Fuke et al. (37) . "V" signifies an 0.9 KB Insertion preseTTf 1n about half o7~thT Sprague-Dawley rDNA repeats and 1n about 60-70% of the BD-9 rDNA repeats. DNA sequencing M13 recombinants were sequenced as described previously (21) .
RESULTS
Cloning of rDNA Sequences
To Identify the size of rDNA containing fragments, Sprague-Dawley and BD-9 rat liver DNAs were digested with Eco RI, electrophoresed on 1.1Z agarose gels, and then blotted onto nitrocellulose by the method of Southern (25) .
When hybridized with labeled liver RNA (90% of which is 18S and 28S rRNA), three major bands at 11.4, 6.7 and 4.6 KB were observed ( Figure 2 ). (The largest band is actually a doublet of 10.9 and 11.8 k.b which did not resolve well). The same results were obtained by Tantravahi ^t_. ai_. (27) with DNA derived from a rat cell line, K22, and by Braga £t_jiU (4) with rat liver DNA. In experiments not shown, we have determined that both bands in the 10.9-11.8 KB doublet contain sequences homologous to 18S rRNA whereas the 6.7 KB fragment contains both 18S and 28S rRNA homologous sequences, and the 4.6 KB band bears only 28S sequences.
We selected XCharon 4A recombinant phage containing rDNA sequences from the genomic library of Sargent et al. (28) . One clone contained the 10.9 and 6.7 KB Eco RI fragments which were cloned separately into pBR322. The 10.9 KB fragment contains a single Hind III site which was used to clone the two halves of the fragment via the Eco RI and Hind III sites in the rDNA and in <*> Figure 2 . Southern blot of Eco RI Q digested rat DNA probed with [ 32 P]-00 labelled rat liver RNA. 10ug of Sprague-Dawley or BD-9 liver DNA were digested with Eco RI, electrophoresed, -10.9-11.8 KB ^(j trans ferred to nitrocellulose as -67 KB described in Materials and Methods. '
The filter was annealed with -"p-4 b K° labelled rat liver RNA. The sizes of the autoradiographlc bands were estimated from markers run on the same gel.
the pBR322. In addition, six smaller regions of rDNA were recloned into the single-strand vector M13 as shown in Figure 1 .
A restriction map of the 10.9 KB fragment is shown in Figure 1 . The initiation site for 45S pre-rRNA synthesis (21, 29, 30 ) is designated as 0 on the map. Numbering from a physiologically important site may be preferable to numbering from a given restriction site, which may vary anong different repeat units, and will certainly vary between species.
The location of the 18S rRNA sequences was determined by SI transcription mapping which indicated that the 18S coding region begins at +4.4 KB on the map in Figure 1 , and defines the length of the external transcribed spacer to from Bam H I digestion of pEE10.9 results from rDNA - 3 2 sequences from +4.9 to +6.0 KB which are attached to pBR322 sequences from^ the Eco RI site to the Bam HI site.
1.5-H B
Bam HI Eco RI The results showed that the transcribed region of the rDNA repeats was conserved with respect to the mapped restriction sites. Figure 3 , lanes a and b, shows a typical result in which DNA from both strains exhibit one band homologous to the probe, in this case BE1.1 (+4.9 to +6.0), which Is within the 18S rRNA coding region. The 4.8 KB band represents DNA sequences from +4.9 to +9.7 on the map in Figure 1 and demonstrates that the majority of rDNA repeats contain Bam HI sites at +4.9 and +9.7. The only instance in which minor bands generated from sequences within the transcribed region were reproduclbly observed was when Eco RI cleaved DNA was probed with BE1.1 (+4.9 to +6.0), as shown in Figure 3 , lanes d and e. In addition to the doublet band When rDNA sequences outside the transcribed region were investigated, it was found that about half of the Sprague-Dawley and 6O-7OZ of the BD-9 rDNA repeats contain an insertion of 0.9 KB Just upstream from the initiation site of rDNA transcription (designated as "V" for variable in Figure 1 ). Figure 4A is an autoradiogram of a Southern blot probed with BH.41, a region from -0.28 to +0.125. When rat DNA was digested with Hind III or a mixture of Hind III and Eco RI and probed with BH.41, two bands result ( Figure 4A, lanes e,f,g ), suggesting that the rDNA repeat in the +0.125 to -4.9 region occurs in two discrete lengths. Figure 4A C) Nucleotide sequence of the regions indicated in B. Underlined sequence corresponds to a representative single repeat unit. The identity of three of the bases reported here is questionable and they are indicated in lower case letters. fragments is generated consistent with an internal nucleotide subunit repeat ( Figure 5A ).
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The cloned SSI.6 fragment contains eleven tandem repeats ( Figure 5B ) plus an incomplete repeat extending to about -. 22 . Figure 5C When ES3.1 DNA (-4.9 to -1.8) was used to probe Southern blots, strong bands were observed corresponding to the fragment lengths predicted by the restriction pattern of the cloned rDNA ( Figure 6 ). In addition, ES3.1 probes gave an intense smear of radioactivity that followed the ethidium bromide stained DNA (compare Figures 6A and 6B ). This smear was detected when the filters were washed under the standard condition of 0.5 X SSC at 60°C but was more pronounced if the stringency of washing was reduced by eliminating the 0.5 X SSC salt wash. These results suggest that ES3.1 may contain repetitive sequences found elsewhere in the rat genome. When DNA from -4.9 to + 0.125, was digested with Bgl I (see Figure 7A for restriction map) and probed with nick-translated XB3 DNA, two crosshybridizing rDNA bands at 1.7 and 2.4 KB resulted ( Figure 7B, lane c) . The 1.7 KB band contained 0.6 KB of rDNA from -4.9 to -4.3, the rest of the length being pBR322 DNA. The 2.4 KB band contained rDNA between -3.9 and -1.5 KB.
When the Bgl I digest was further cut with Sst I, the 2.4 KB band disappeared and a radioactive 1.1 KB band resulted which contained rDNA from -3.9 to -2.8 ( Figure 7B, lane b) . In reciprocal hybridizations, when restricted AB3 DNA was probed with ES3.1, all fragments known to contain repeat elements hybridized with ES3.1 (data not shown). These results suggest that the cloned rDNA repeat has two (-4.9 to -4.3 and -3.9 to -2.8) non-contiguous regions contain- These data suggest that the rat rDNA repeat contains two non-contiguous regions (-4.9 to -4.3 and -3.9 to -2.8) that contain highly repetitious sequences. The two regions differ in that only the -3.9 to -2.8 fragment Is homologous to the rodent Alu type 2 sequence found in the rat growth hormone Intron while neither Is homologous to the Chinese hamster Alu type I sequence, judged by lack of annealing to X63 (16, 17) (data not shown).
DISCUSSION
Genoalc Organization
We have examined the genomic organization of a 22 KB region of rat DNA comprising about 601 of the rDNA repeat. The region extends from 9 KB upstream of the 45S RNA initiation site through the end of the transcribed region.
With regard to the eight restriction enzymes used, the restriction maps of two rat strains, Sprague-Dawley and BD-9 were Identical to one another and to the cloned rDNA sequence derived from a recombinant library of SpragueDawley DNA. While all major bands were common between the DNAs using probes from the external and non-transcribed spacer regions some minor bands were detected suggesting some heterogeneity. It is unknown whether these differ- to an internally repetitious sequence (34, 35, 36) . In addition, Braga et al.
(4) have also demonstrated an internally repetitious region 3' to the rat rDNA repeat. Both sequence and length polymorphisms have been used as genetic markers for determining the distribution of various mammalian rDNA repeats among different nucleolar organizer-bearing chromosomes (37, 38) .
By sequence analysis the rat repeat unit does not bear homology to the promoter region (21, 29, 30) and In this regard is not analogous to the "Bam islands" described for Xenopus rDNA (36) nor to the repetitious rDNA spacers of Drosophilia that contain regions homologous to the polymerase I initiation site (39, 40) . However, it is very similar in sequence to the 135 nucleotide repeat of nouse (10, 31) including the extensive poly T tracts that both species share.
Highly Repetitious DNA In the Non-transcribed Spacer
We detected two regions upstream of the initiation site (-4.9 to -4.3 and -3.9 to -2.8) that contain highly repetitive DNA elements. The two fragments differ in that only the -3.9 to -2.8 region contains an Alu-type 2 sequence.
Since we have not directly cross-hybridized the two rDNA repeat-containing fragments, it Is possible that they share sone repeat elements but have other elements (such as the Alu type 2 sequence) unique to one or the other.
Mouse rDNA contains at least two different repeat elements in their nontranscribed spacers. Korainami ^t_ jil_. (14) showed that mouse rDNA contains two different non-contiguous repeat elements at about -7.0 to -7.5 and -8.2 to -8.4 (relative to the mouse 45S RNA initiation site at 0). Arnheim et al. (12) demonstrated that these elements belonged to highly repetitive and interspersed families. In addition to the upstream repeat elements both mouse and rat rDNA contain repeat elements downstream from the 28S gene (4, 14) .
Higuchi ^jil_. (15) have demonstrated that human rDNA also has at least 4 regions containing highly repeated elements, two of which contain Alu repeats, the other two bearing non-Alu-like elements. The repeats in human rDNA are considerably closer to the initiation site than those in rat or mouse rDNA, beginning at about -0.8 KB, relative to the transcription initiation site, and extending to about -6.8 KB.
While the three mammalian species (mouse, human and rat) that have been investigated have multiple repeat elements in their non-transcribed spacers, albeit at varying distances from the transcribed region, it is unclear how or if they function in rDNA. It is not even known if they are transcribed. In other locations in the genome, interspersed repeat elements are transcribed by RNA polymerase II as part of larger heterogeneous nuclear RNA molecules (41, 42, 43) and by polymerase III as independent transcription units (17, 44 ).
In addition to being possible templates for transcription, others have proposed that Alu-like sequences function as origins of replication or as vestiges of transposable elements (45, 46, 47) .
